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Abstract 
Horizontal well hydraulic fracturing is a complex technology and there is no clear understanding about the mechanics 
of hydraulic fracturing. The Fluid-solid coupling elements were used to describe the behavior of rock, and the pore 
pressure cohesive elements were employed to simulate the process of fracture initiation and propagation. The fluid 
flow in the fractures and fracturing fluid leakoff effects were also taken into account. By adopting field data, the 
staged fracturing process of a horizontal well in Daqing Oilfield, China was simulated. The simulated results are fit 
well with the field treatment data. 
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1. Introduction 
Hydraulic fracturing can be broadly defined as the process by which a fracture initiates and propagates 
due to hydraulic loading applied by a fluid inside the fracture. Even in the most basic form, hydraulic 
fracturing is a complicated process to model, as it involves the coupling of at least three processes [1]: (1) 
the mechanical deformation induced by the fluid pressure on the fracture surfaces; (2) the flow of fluid 
pressure on the fracture surfaces; (3) the fracture initiation and propagation. 
Due to the complication of hydraulic fracturing, mathematical solutions are impossible. Usually, 
numerical simulation methods are used to study the behaviors of hydraulic fracturing, however, many 
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assumptions and simplifications are made in many model to solve the problem of complicated hydraulic 
fracturing. Perkins and Kern [2] adapted the classic Sneddon plane strain crack solution to develop the so-
called PK model. Later, Nordgren [3] adapted the PK model to formulate the PKN model, which included 
the effects of fluid loss. Khristianovic and Zheltov, and Geertsma and de Klerk [4] independently 
developed the so-called KGD (plane strain) model. Pseudo-3D (P3D) model [5] and planar 3D (PL3D) 
model [6, 7] are based on PKN model and KGD model, and also have a few of assumptions and 
simplifications. There have also been attempts to model fully 3D hydraulic fractures [8] with limited 
success. The computational burden on such coupled systems is still excessive, even with today's powerful 
computational resources. 
Varieties of numerical methods [9-13] have been developed for hydraulic fracture simulations. With 
the fast development of computer technology over the past decades, the finite element analysis method is 
more and more used in geotechnical engineering. In this paper, a non-linear full fluid-solid coupling finite 
element model was proposed with the finite element software ABAQUS, the fluid-solid coupling theory 
is used to capture the behavior of rock, the damage mechanics criterion is adopted to simulate the fracture 
initiation and propagation. The fluid flow in the fractures and fracturing fluid leakoff effect are also taken 
into account. Based on the field data, the finite model was established and the staged fracturing process of 
a horizontal well in Daqing Oilfield, China was simulated with the model. 
2. The basic equations 
2.1 Fluid-solid coupling equation of rock 
Equilibrium can be written in the form of virtual work principle for the volume under its current 
configuration at time t as [14] 
( ) : d d dwV S Vp V S + VG G G   ³ ³ ³I t v f vV H                                                          (1) 
Where V  and symG Gw wv/ x)H    are the effective stress and virtual rate of deformation respectively, 
wp  is the pore pressure, t  and f  are the surface traction per unit area and body force per unit volume 
respectively, I  is unit matrix. 
2.2 Continuity equation of liquid flow in porous medium 
A porous medium is modelled in ABAQUS by attaching the finite element mesh to the solid phase. 
Liquid can flow through the mesh. Equating the time rate of change of the total mass of wetting liquid in 
the control volume V to the mass of wetting liquid crossing the surface S per unit time gives the wetting 
liquid mass continuity equation in the following form 
d ( d ) d 0
d w w w w wV S
n V n S
t
U U   ³ ³ n v                                                                                                (2) 
Where wU , wn  and wv  are the mass density of the liquid, the porosity of the medium and the average 
velocity of the liquid relative to the solid phase (the seepage velocity) respectively, n is the outward 
normal to S. 
The liquid flow is described by Darcy's law as 
1 ( )ww w
w w
p
n g
UU
w   wv xk g                                                                                                              (3) 
Where k and /g z  w wxg are the permeability of the medium and the gravitational acceleration 
respectively. 
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2.3 Damage model of cohesive element in ABAQUS 
Cohesive element is used to simulate the behavior of rock fracture in software ABAQUS. The 
constitutive response of cohesive element is characterized by a traction-separation law. The initial 
response of cohesive element is assumed to be linear before damage initiation. However, once the traction 
in a cohesive element reaches the damage initiation value, material damage occurs according to a damage 
evolution law. The traction acting on cohesive element monotonically degrades as the separation 
displacement between the two outer surfaces of cohesive element increases after damage initiation. Fig.1 
depicts the evolution of the relationship between traction and separation of cohesive element. 
 
Fig.1 Typical traction-separation response 
2.3.1 Damage initiation criterion of cohesive element 
Damage initiation refers to the beginning of degradation of the response of a material. Damage is 
assumed to initiate when a quadratic interaction function of involving the ratios of stresses (tractions) 
reaches the value of one. This criterion can be expressed as [15] 
2 2 2
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                                                                                                         (4) 
Where nt , st  and tt  represent the normal and the two shear tractions, respectively. 
o
nt , 
o
st , and 
o
tt  
represent the tensile strength and shear strengths in the corresponding directions, respectively. The 
symbol ! signifies that a pure compressive deformation or stress state does not initiate damage. 
2.3.2 Damage evolution law of cohesive element 
The damage evolution law describes the degradation of material stiffness once the corresponding 
damage initiation criterion is reached. A scalar damage variable, D, represents the overall damage in the 
material. It is initially equal to 0. The variable D monotonically increases from 0 to 1 as damage 
developing. The stress component in the traction-separation model is affected by the damage according to 
the following expression 
(1 ) ,      0
,                 otherwise
n n
n
n
D t t
t
t
 t­ ®¯                                                                                                               (5) 
Where nt  is the stress component predicted by the linear elastic behavior without damage and the current 
strain value. 
For linear softening, the scalar damage variable, D is expressed with the following form [16] 
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Where fnd  and 
o
nd  are the opening displacements at complete failure and at the initiation of damage, 
respectively, maxnd  refers to the maximum value of opening displacement attained during the loading 
history. 
2.4 Flow within cohesive element 
The fluid flow model in the cohesive element enables the fluid pressure on the cohesive element 
surface to be incorporated in the modeling of hydraulically driven fractures. The fluid constitutive 
response comprises the tangential flow within the fracture and the normal flow across the fracture. The 
flow patterns of pore fluid in cohesive element are depicted in Fig.2. 
 
Fig.2 The flow patterns of pore fluid in cohesive elements 
2.4.1 Tangential flow 
The tangential flow in cohesive element is described with the following equation. 
3
12
dd = - pP q                                                                                                                                        (7) 
Where q is the volume flow rate density vector, d is the opening displacement of the two outer surfaces, 
p  is the pressure gradient along the cohesive element, P  is the fluid viscosity. 
2.4.2 Normal flow 
The normal flow is described as 
( )
( )
t t i t
b b i b
q c p p
q c p p
 ­®  ¯
                                                                                                                                 (8) 
Where tq  and bq  are the flow rates on the top and bottom surfaces of cohesive element, respectively, tc  
and bc  are the leakoff coefficients on the top and bottom surfaces, respectively, ip  is the internal 
pressure of cohesive element, tp  and bp  are the pore pressures on the top and bottom surfaces, 
respectively. 
3. Simulation model 
A staged fracturing process of a horizontal well in Daqing Oilfield, China is simulated with the 
software ABAQUS. The field data of Daqing Oilfield are adopted in computation. The true vertical depth 
of the well is 1592.05 m, the drilled well depth is 2345 m. Provided that the shape of hydraulic fracture is 
axial symmetry about the wellbore center line, it will be needed to establish a finite element model only 
containing half of the meridian ellipse, as depicted in Fig.3.  The dimension of the model is 300 m and 
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200 m in the X, Y directions, respectively. Perforation, wellbore, cement sheath, reservoir, micro-annulus 
and transverse fracture are included in the model. The diameter of perforation is 8.8 mm, the outer 
diameter and the thickness of wellbore is 139.7 mm and 7.72 mm, respectively. The outer diameter of 
cement casing is 200 mm. In-situ stresses of reservoir in the X, Y directions, are -11.8 MPa, -21.8 MPa, 
respectively. The saturation and the porosity of formation is 1 and 0.2, respectively. The initial pore 
pressure of formation is 14 MPa. All the normal direction displacements of outer boundary surfaces of the 
model are restricted and the outer boundary keeps 14 MPa pore pressure during the process of simulation. 
The elastic modulus and poisson's ratio of wellbore are 210 GPa and 0.3, respectively. The elastic 
modulus and poisson’s ratio of cement sheath are 30 GPa and 0.25, respectively. The reservoir geologic 
parameters and the material properties of cohesive element in transverse fracture and micro-annulus are 
listed in Table 1 and Table 2, respectively. Number of nodes and elements in the numerical model are 79 
622 and 77 653, respectively. 
Table 1 
Reservoir geologic parameters 
                   elastic modulus                poisson's ratio                 permeability                fluid specific 
gravity 
                                (GPa)                                                                       (mD)                                 (N·m-3) 
Reservoir                   35                                    0.22                                  2                                       8624 
 
Table 2 
Material properties of cohesive element in transverse fracture and micro-annulus 
                                         elastic modulus              ont                
o
st                
o
tt                  
f
nd  
                                               (GPa)                   (MPa)           (MPa)          (MPa)            (mm) 
transverse fracture                   35                           4                 1.5               1.5                  5 
micro-annulus                         35                           6                  2                  2                    5 
 
Cohesive elements are embedded in reservoir to describe the process of transverse fracture initiation 
and propagation during treatment history. Cohesive elements are embedded between cement casing and 
pay zone to catch the behavior of micro-annulus fracture. Transverse fracture will initiate and propagate 
according to the principle of least principal stress. Transverse fracture and micro-annulus fracture both 
connect to the perforation, so they could initiate and propagate simultaneously under the injected 
hydraulic loading. All the cohesive elements are undamaged and the opening displacements are zero 
initially. The fractures volume increase as cohesive elements damage and fail according to the damage 
initiation criterion and corresponding damage evolution law and a typical T-shaped fracture is likely to 
occur. 
The treatment design also considers a pumping schedule for both fluid and proppants. As the proppant-
laden fluid is injected, there will be an interaction of solid particles and fluid. Consideration of these 
effects in detail is challenging, it is a common practice to “lump” all these effects into a modified 
viscosity of the slurry, which is usually expressed as [17] 
1.70.1 (1 / 0.65)cP  u                                                                                                                         (9) 
Where P  is the viscosity of proppant-laden fluid, c  is proppant concentration. 
ABAQUS field variable technology and user subroutine UFIELD are used to implement equation (9). RE
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Fig.3 Schematic plot of the model 
4. Results and discussion 
The radial fracture geometry is obtained because the finite element model is axis symmetry about 
wellbore center line. Fig.4 presents pore pressure distribution and the fracture configuration at the final 
moment of treatment history. The deformation magnification factor is taken 400 and the axis symmetry 
model is revolved 180 around the wellbore center line for clear observation of the simulation results. At 
the beginning of simulation, cohesive elements both in micro-annulus and in transverse direction damage 
simultaneously, a T-shaped fracture generates. At the later time, micro-annulus disappears due to the 
large stress concentration factor near wellbore. Then, only the transverse fracture remains and propagates. 
The half length and width of the transverse fracture are 98.1 m and 10.34 mm, respectively. 
 
Fig.4 Pore pressure distribution in the model at the final moment of treatment history 
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Fracturing fluid is pumped into the wellbore, part of fracturing fluid leaks into formation and the other 
leaves in the fracture. Fracturing fluid leaks into formation, which results in increasing formation pore 
pressure, formation effective stress increases according to the effective stress principle of porous medium. 
When the formation effective stress rises up to formation tensile strength, hydraulic fracture initiates and 
propagates forward a small distance, which produces a new fracture tip, in which the formation effective 
stress is lower than the formation tensile strength. Hydraulic fracture will not propagate until the effective 
stress at the new fracture tip reaches the formation tensile strength again. As more fracturing fluid is 
injected into the fracture, the width of fracture enlarges and the effective stress at the new fracture tip 
increases. Hydraulic fracture will propagate once more when the effective stress at the new fracture tip 
reaches the formation tensile strength. When the normal stress of a cohesive element rises up to the 
tensile strength, the cohesive element initiates damage and with further loading the stiffness of cohesive 
element decreases monotonically as depicted in Fig.1. 
Fracturing fluid flow rate keeps 3.46 m3/min and lasts for about 30 min. The results of the simulated 
and field measured treatment history are plotted in Fig.5. The proppant concentration and fracturing fluid 
flow rate in simulation are taken as the same as in the field implementation process (presented also in 
Fig.5). The evolution of the bottomhole pressure obtained from the simulation is consistent very well with 
the corresponding field data, which approves the validation of the proposed finite element model. The 
evolution of bottomhole pressure is the most important judgment of success or failure of a hydraulic 
fracturing treatment. The obtained results demonstrate that the proposed model is applicable to hydraulic 
fracturing designs and treatments for reservoirs lithology similar to Daqing Oilfield, China. 
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Fig.5 Curves of field treatment history and simulated bottomhole pressure history 
5. Conclusions 
Hydraulic fracturing analysis is inherently a complicated problem, in which fluid flow, deformation of 
porous medium and fracture initiation and propagation are fully coupled, mathematical solutions are 
impossible. Usually, Numerical simulation method is employed to catch and study the characters in the 
process of hydraulic fracturing. Finite element analysis (FEA) has been approving an effective method to 
simulate and forecast the process of hydraulic fracturing. RE
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Multiple transverse fractures can be generated in the process of horizontal well hydraulic fracturing, 
the stimulation effect is more considerable than vertical well. It is significant to study the mechanics of 
horizontal well hydraulic fracturing. 
A non-linear fluid-solid coupling finite element model was established with the finite element software 
ABAQUS. A staged fracturing process of a horizontal well in Daqing Oilfield, China is simulated with 
the model. The initiation and propagation of hydraulic fractures are simulated by using the cohesive 
element based on damage mechanics. A good match between simulation results and field measurement 
data is obtained. Validation of the numerical model is approved. 
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